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Abstract: Interfaces are of critical importance to many materials and phenomena yet are difficult to probe. This 

difficulty is compounded in three-dimensional (3D) nanostructures and with delicate organic materials. Here we 

demonstrate a quantitative spectral analysis of resonant soft X-ray scattering that can accurately measure 

properties of buried nonplanar interfaces within polymeric systems. We measure the scattering invariant on an 

absolute scale to quantify the interfacial volume and width involved in mixing at the interface of block copolymer 

nanostructures. Using continuous contrast tuning, this spectral analysis enables the separation and identification of 

any number of unique scatterers in complex nanostructures. 

 

Emergent phenomena and properties within materials and devices often originate at interfaces.1–4 Thus, tools 

to study interfacial structure are of high importance but are rare, especially for organic or biological 

nanostructured devices or tissues that contain delicate, low-contrast, and nonplanar interfaces. Block copolymers 

(BCP) represent a good example of such materials. BCPs are molecules that consist of unique polymer segments 

connected through covalent bonds at the chain end and can thermodynamically phase separate into ordered 3D 

bulk nanostructures.5 They are of particular interest for sub-10 nm photolithography6,7 or bottom-up assembly of 

functional nanomaterials and devices.8–10 Applications require a detailed understanding of the interfaces because 

sharpness and ordering of these interfaces will determine the limiting size of nanostructures6 as well as optical or 

electronic coupling and interfacial states between the blocks.10,11 Thus, interfacial width is a valuable parameter in 

optimizing BCP nanostructures. 

Historically, methods employed to measure the nanometer-scale lateral structure and interfacial width include 

small angle scattering (SAS, via X-rays or neutrons, for example), dynamic secondary ion mass spectrometry 

(SIMS), and specular reflectivity. SAS experiments have attempted to utilize Porod’s law at high scattering 

angles. However, limitations from low contrast and error-prone background subtractions make a determination of 

the interfacial width challenging.12 SIMS measurements, on the other hand, are limited by low spatial resolution.13 

Instead, neutron specular reflectivity of polymer layers has been more successful, where a component is 

isotopically labelled in order to increase contrast. However, isotopic labeling can lead to alteration of interfacial 

parameters.14 Specular reflectivity measurements are, furthermore, incapable of measuring lateral structures key in 

burgeoning technologies based on BCP materials. 
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Recent utilization of resonant soft X-rays at elemental absorption edges have begun to alleviate some 

difficulties presented in standard X-ray or neutron techniques.15–17 Near an elemental absorption edge, a 

molecule’s complex index of refraction 𝑛 𝐸 = 1 − 𝛿 𝐸 + 𝑖𝛽 𝐸  fluctuates as a function of energy due to 

resonances involving electronic transitions from core atomic states to unoccupied molecular orbitals. Varying the 

photon energy effectively tunes molecular contrast, similar to isotopic labeling in neutron experiments, except 

resonant contrast is intrinsic to the molecule and tunable on a single sample. 

To date, resonant soft X-ray scattering (RSoXS) has primarily been used in soft matter characterization to 

enhance scattering signal.16,18–20 Quantitative spectral analyses and contrast tuning 21,22 have lagged inorganic 

systems23–25 due to the complex nature of the molecular absorption fine structure. RSoXS allows for the chemical 

determination of scattering sources through spectral modeling because this fine structure encodes the chemical 

fingerprint of each molecule.22 Sensitivity to transition dipole moments additionally enables correlative local 

measurements of molecular orientation.26–28 To quantify these measurements, including BCP interfacial width, 

absolute scattering intensity is required. Unfortunately, while absolute SAS calibration standards have become 

increasingly available,29 the low penetration depth of soft X-rays renders these resources unusable at absorption 

edges. Thus, independent experimental methods must be developed before quantitative measurements of these 

critical BCP interface phenomena can be realized. 

In this letter we demonstrate both a quantitative spectral model for scattering across an absorption edge and a 

facile method to measure absolute scattering intensity that takes advantage of the historically undesirable X-ray 

fluorescence (XRF) background signal. This method enables measurement of potentially unlimited numbers of 

chemically independent molecular species in a composite nanostructure thin film. Through quantitative analysis 

of the scattering invariant, we extract both material phase and interface information of assembled 3D 

nanostructures of a model BCP, thus enabling high-precision measurements of nanostructure in soft matter. 

The scattering invariant 𝑄 is defined as the overall scattering power of the sample and only depends on the 

mean square fluctuations of Δ𝑛. The invariant is so named because it does not depend on how those fluctuations 

are distributed in space (i.e. size of the structure); however, it does assume sharp interfaces between scatterers.30 

Mixing at these interfaces reduces the mean square fluctuation, and therefore, 𝑄 is sensitive to interfacial mixing 

if measured on an absolute scale. The scattering power is experimentally determined through an integral of 

scattering intensities 𝐼(𝒒,𝐸) over three dimensional reciprocal space 𝒒 (the momentum transfer wave-vector, 𝐸 is 

the photon energy). Since experimental measurements are constrained to a finite region in 𝒒, we refer to these 

measurements as the total scattering intensity (𝑇𝑆𝐼). In contrast, 𝑄 can be calculated by modeling an arbitrary 

number of domains contributing to scattering in a multidomain model adopted from Tatchev.31 If we assume 𝑝 

domains separated by a discrete boundary 

 𝑄 𝐸 =
4𝜋!𝑉𝐸!

ℎ𝑐 ! Δ𝑛!" 𝐸 Δ𝑛!"∗ 𝐸 𝑄!"

!!!

!,!!!

 (1) 
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where ℎ is Planck’s constant, 𝑐 is the speed of light , 𝑉 is the illuminated volume, Δ𝑛!" is the difference in index 

of refraction between domains 𝑖 and 𝑗, and  𝑄!" is the partial invariant between those domains, which originates 

from the autocorrelation function or pair correlation function for diagonal terms and off diagonal terms, 

respectively. Equation (1) can be reduced to traditional two-phase expressions30 by setting 𝑝 = 2, and identifying 

𝑄!" as the product of volume fractions between domains 𝑖 and 𝑗. This model enables one to separately incorporate 

scattering from multiple components. If the optical constants (index) are known for each component, then the 

scattering from each can be separately isolated, simplifying analysis. 

 In order to demonstrate the above model we investigated BCP poly(styrene-block-methyl methacrylate) (PS-

b-PMMA) thin films of varying molecular weights, targeting specific internal nanostructures based on the molar 

ratio between components (lamellar, hexagonal close packed cylinders, and base-center cubic spheres – see 

Supporting Material for details of samples and their preparation).5 Additionally, both blocks being coil-like, there 

is negligible X-ray dichroism or birefringence, allowing us to use scalar optical constants. This is important since 

molecular orientational correlations within nanostructures can occur with rod-like molecules, resulting in 

anisotropic scattering patterns that could complicate analysis.26  

 
Figure 1: (a) Complex optical constants for PS and PMMA (b) Contrast functions C = E!Δn!"!  for three modeled domains: PS, PMMA, 

and Vacuum (arising from surface roughness). Circles indicate photon energies where RSoXS was measured. 

Component optical constants shown in Figure 1a were calculated by Yan et al. via near edge X-ray absorption 

fine structure spectroscopy measurements on pure films of the polymer components.32 Isolating unique molecular 

species experimentally is facile for synthetic molecules, and incorporating additional chemistry and orientation 

through calculations is improving dramatically.33,34 In this study, three domains were taken into consideration: PS, 

PMMA, and vacuum. Vacuum is included here to incorporate scattering from surface roughness that is often the 

source of background that interferes with quantifying scattering signals. Therefore the three contrast functions in 

Figure 1b represent the possible sources of scattering signal. Each function exhibits a unique, rapidly changing 
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signal as a function of energy. Over the carbon edge, scattering contrast from these pairs varies by four orders of 

magnitude. Such a dramatic fluctuation arises from the fine structure in the optical constants and makes this 

technique particularly sensitive to multiple types of scatterers – allowing massive contrast enhancement at one 

energy and perfect contrast nulling at another. This variation is superior to deuteration for neutron scattering and 

eliminates the necessity of multiple, chemically altered samples. 

 Resonant Scattering in transmission geometry was completed at beamline 11.0.1.2 at the Advanced Light 

Source with detailed procedures previously reported.35 Scattered energies utilized are indicated in Figure 1b. 

Lacking a soft X-ray calibration standard, we determine absolute scattering calibration through measurement of 

the 277 eV XRF background. Without energy discrimination in our detector, the measured signal 𝐼𝑚 integrates 

both scattering and isotropic XRF 

𝐼! 𝒒,𝐸 = 𝑅! 𝐼!"#$ 𝒒,𝐸 ∙ 𝑇(𝐸) + 𝐼!"# 𝐸  (2) 

where and 𝑅𝑟 is the relative responsivity between the GaAs photodiode and Princeton Instruments MTE CCD 

detector used to measure the incident and outgoing photon intensity, respectively. Transmittance through the 

sample 𝑇 𝐸  is measured directly at the location of scattering by the photodiode with and without the sample.  

Fluorescence intensity is calculated by the tabulated quantum yield of the carbon 𝐾𝛼 transition (𝜔𝐶𝐾𝛼 =

0.002575)36 and the number of absorbed photons (Figure S2) 𝐼𝑋𝑅𝐹 𝐸 = 𝜔𝐶𝐾𝛼 1− 𝑇 𝐸 /4𝜋. The measured 

𝐼𝑋𝑅𝐹 is extracted as a constant background from 𝐼𝑚 by fitting film scattering at high-𝑞 to a power law 

simultaneously at two separate energies – one above and one below the absorption edge (Figure S3). Comparing 

the measured and calculated XRF reveals the relative responsivity 𝑅𝑟 between the detectors, enabling calibration 

of absolute scattering intensity to within 8% uncertainty, currently limited by beam stability. 

 
Figure 2: (a) Scattering intensity (*q2 to accentuate features) as a function of both |𝐪| and E. (b) Individual scattering profiles at select 

energies normalized to the BCP q∗ peak. (c) Total scattering intensity as a function of energy. 
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RSoXS data for one sample across the carbon absorption edge are shown in Figure 2, which reveals 

significant structure as a function of both 𝑞 and 𝐸. Select lineouts are shown in Figure 2b normalized to the 

primary BCP scattering peak at 𝑞∗ = 0.094 𝑛𝑚!!, corresponding to a long period 𝐿 = 66.8 𝑛𝑚. Secondary peaks 

at 2𝑞∗ and 3𝑞∗ indicate the presence of lamellar nanostructure as predicted by the phase diagram for this sample. 

Interestingly, these profiles deviate from each other outside the primary peak, at both low and high-𝑞. Profiles 

measured at a photon energy corresponding to the 𝜋!!!∗  transition for PS (285.1eV) are qualitatively the most 

consistent with ideal BCP scattering as this is where the contrast function between PS and PMMA is maximized. 

In contrast, scattering from roughness dominates low-q regions and at energies both below and above the edge 

(Figure 2a). Fluorescence additionally dominates the high-𝑞 data above the edge (Figure 2a). 𝑇𝑆𝐼 𝐸  is given in 

Figure 2c and exhibits a rapidly changing signal. In fact, 𝑇𝑆𝐼 𝐸  near 286 eV fluctuates by more than two orders 

of magnitude over ±1 𝑒𝑉, consistent with the contrast functions in Figure 1b. 

 
Figure 3: (a) Transmission scattering geometry enabling measurement of reciprocal space maps with one CCD exposure. 𝑘!, 𝑘! are the 

incident and scattered wavevectors, respectively. (b) Atomic force microscopy phase images and corresponding reciprocal space maps 

(𝐸 = 285.1 𝑒𝑉) of a lamellar (left) and hexagonal close packed cylinder (right) BCP nanostructure. 

Experimental measurement of the invariant has historically been accomplished by assuming isotropic 

scattering and is commonly used to measure the domain purity in polymer blend thin films.19,37,38 As a 

consequence, vertical structure is ignored by considering only in-plane scattering in the traditional transmission 

geometry. In many cases thin films whose thickness is on the size scale of morphological features will have 

significantly different structure vertically versus in the film plane, resulting in cylindrical rather than spherical 

scattering symmetry. The required information could be obtained through a grazing incidence measurement. 

However, complex scattering models beyond the Born Approximation39,40 are required to quantitatively interpret 

such data. Instead we retain the simplicity of transmission geometry by rotating the film from normal incidence to 
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20° as shown in Figure 3a. Rotating the sample will express the scattering component (𝑞!) perpendicular to the 

substrate and is shown for two samples in Figure 3b along with atomic force microscopy (AFM) of their lateral 

morphology. The scattering data demonstrate the elliptical patterns, which vary qualitatively by sample and thus 

must be measured directly. We correct our measured 𝑇𝑆𝐼 through a ratio of the invariant calculated through 

cylindrical and spherical integration. Correction factors for all samples are given in Table S1 and often requires a 

±20% correction, suggesting previous analyses of 𝑇𝑆𝐼 for domain composition might contain errors on this 

level.19,37,38 

 
Figure 4: Example fit of the TSI data to the combined equations (1) and (2). Dashed are terms in the sum for the combined model defined 

in the text. Uncertainties are derived from detector statistics for scattering and optical constants. 

By integrating equation (2) over 𝒒, 𝐼!"#$ becomes 𝑄 and can be combined with equation (1).  We fit the 

measured 𝑇𝑆𝐼(𝐸) to this combined model which contains only the four 𝑄!" parameters plus an energy offset 

between the measured optical constants and the 𝑇𝑆𝐼 data. The diagonal invariants represent material scattering 

between styrene and methacrylate domains 𝑄!" and vacuum scattering from surface roughness 𝑄!"#, while the 

off-diagonals represent cross correlations between the two. Simultaneous fitting over all samples is conducted to 

ensure an identical relative energy calibration. An example fit is illustrated in Figure 4 with all results shown in 

Figure S5. The only inputs to the model are the optical constants displayed in Figure 1 and the measured 𝑇 𝐸 . 

Figure 4 also displays each source contribution resulting in the full model. Material scattering is responsible for 

approximately 90% of the total signal at lower energies. Above 290 eV, XRF and vacuum scattering (surface 

roughness) begin to contribute ~50% the signal making separate quantification important in analysis. 

Interestingly, 𝑄!"# ≅ 0.01𝑄!". This agrees with the relative volume of the surface region compared with the 

bulk where AFM measures an RMS roughness averaging about 1% of the total thickness. Using this relationship 

and tabulated atomic scattering factors41 we calculate the expected scattering from surface roughness to make up 

60% the total signal using hard X-rays at 10keV. Without precise methods to disentangle these two sources of 

scattering, accurate absolute measurement of domain scattering becomes impossible. 
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Figure 5: (a) Partial invariant corresponding to domain scattering plotted against sample PMMA volume fraction 𝜙!. Data (black circles) 

compared to calculation (line) assuming sharp interfaces. (b) Calculated interfacial width modeled as an error function. Average value 

(line) and standard deviation (dash) are shown. Uncertainties propagated from fit results and absolute scattering calibration. 

𝑄!" equals the product of volume fractions for the two components assuming sharp interfaces and is plotted 

as the red line in Figure 5a as a function of the known volume fraction of PMMA (𝜙!). Qualitatively, the 

extracted values follow the expected trend. However, the measurements are systematically lower than predicted. 

This is because entropic mixing of the two polymer components at the BCP interfaces reduces the mean squared 

fluctuation within the sample and therefore the measured scattering. This reduction originates from an effective 

volume or interphase region that does not contribute to the scattering. The composition across the interface can be 

modeled as an error function and the effective interphase can be subtracted from the scattering volume using 

𝑄!" = 𝜙!𝜙! −
!

!!
!
!
𝑊,30 where 𝑆 is the total area of the interface, 𝑉 is the sample volume, and 𝑊 is the 

interfacial width. If we assume a perfectly constructed lattice following the BCP phase diagram, we can calculate 

𝑆/𝑉 for each morphology leaving only 𝑊 as an unknown parameter. Figure 5b gives the resulting interfacial 

width measurement with an average of 𝑊 = 4.4 ± 0.7 𝑛𝑚. This is slightly lower than the width for these 

materials measured with reflectivity (5.0 𝑛𝑚)15 yet agrees within the uncertainty. The error bars are dominated by 

poor beam stability reported previously.28 Significantly higher accuracy could be achieved with improvements of 

the beamline and in beamlines currently under construction. 

 This measurement is remarkable, first because the spectral model we use isolates domain scattering cleanly 

from other sources such as roughness scattering, absorption, and fluorescence effects. As there are no constraints 

on 𝑝 in Equation (1), this method could easily be expanded to systems containing an arbitrary number of unique 

molecular species in ordered structures and is free of the need for laborious and potentially disruptive labelling 

techniques.  Without the intrinsic contrast variation at the absorption edge, this measurement is nearly impossible. 

In this application, we furthermore demonstrate quantitative measurement of a nonplanar interface which is 

impossible with specular reflectivity – the only other successful direct measurement of interfacial width. In fact, 
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reflectivity convolutes interfacial width with capillary fluctuations of the position of the interface. Our method 

removes this limitation and the narrower width we measure may actually be closer to the intrinsic interfacial 

width for this system. Although our polymers are well classified in the strong segregation limit,6 with improved 

precision this method could additionally contribute to thermodynamic investigation below this limit. Conversely, 

if 𝑊 is known, the specific area 𝑆/𝑉 of the interface is accessible as well. Putting these advantages together, our 

method is well suited for future investigations into sub-10nm patterning or functional nanostructures and 

devices.6–10 

 In conclusion, we have employed a novel absolute scattering calibration and multidomain spectral model for 

RSoXS to determine the interfacial width of three-dimensional polymer nanostructures. The model identifies and 

isolates the sources of resonant scattering over the carbon 𝐾! absorption edge enabling high precision 

measurements. We show that over a range of BCP nanostructures the measured interfacial width agrees with 

previous measurements on planar structures. Our study allows for the direct measurement of interface properties 

in an assembled 3D nanostructure, and with appropriately quantified optical constants, this application can extend 

to any elemental absorption edge or molecular material. 
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